Phosphoinositide 3-kinase (PI3K), PTEN and localized phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P 3 ] play key roles in chemotaxis, regulating cell motility by controlling the actin cytoskeleton in Dictyostelium and mammalian cells. PtdIns(3,4,5)P 3 , produced by PI3K, acts via diverse downstream signaling components, including the GTPase Rac, Arf-GTPases and the kinase Akt (PKB). It has become increasingly apparent, however, that chemotaxis results from an interplay between the PI3K-PTEN pathway and other parallel pathways in Dictyostelium and mammalian cells. In Dictyostelium, the phospholipase PLA2 acts in concert with PI3K to regulate chemotaxis, whereas phospholipase C (PLC) plays a supporting role in modulating PI3K activity. In adenocarcinoma cells, PLC and the actin regulator cofilin seem to provide the direction-sensing machinery, whereas PI3K might regulate motility.
Introduction
Chemotaxis plays a central role in various biological processes, such as cellular morphogenesis, innate immunity, inflammation and metastasis of cancer cells (Böttcher and Niehrs, 2005; Eccles, 2004; Martin and Parkhurst, 2004; Sasaki and Firtel, 2006) . It involves local production and degradation of phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3, 4, 5) P 3 ] at the plasma membrane, resulting in a net accumulation of PtdIns(3,4,5)P 3 at the leading edge. This leads ultimately to actin polymerization, formation of pseudopodia and directional cell movement. In Dictyostelium, the levels of PtdIns(3,4,5)P 3 are regulated by the phosphoinositide 3-kinase (PI3K) and the phosphatase PTEN [phosphatase and tensin homolog (mutated in multiple advanced cancers)]. Initial experiments in Dictyostelium suggested that the activity of PI3K and PTEN, and the subsequent formation of localized intracellular PtdIns(3,4,5)P 3 gradients, are required for chemotaxis, especially for external-gradient sensing during chemotaxis (Funamoto et al., 2001; Huang et al., 2003; Iijima and Devreotes, 2002) . However, studies over the past year indicate that PI3K and PTEN activity and localized PtdIns(3,4,5)P 3 gradients, although important, are dispensable for chemotaxis under many conditions (Andrew and Insall, 2007; Hoeller and Kay, 2007; Loovers et al., 2006; Takeda et al., 2007; Van Haastert and Veltman, 2007; Wessels et al., 2007) . Here, we first discuss the importance of PI3K, PTEN and PtdIns(3,4,5)P 3 for cell motility and cytoskeletal regulation. In addition, we highlight recently identified pathways that have also been found to control chemotaxis. We concentrate on Dictyostelium, a simple eukaryotic model for the study of chemotaxis, and on mammalian neutrophils and adenocarcinoma cells, in which the understanding of chemotaxis has progressed substantially in recent years.
Chemotaxis in the absence of PI3K and/or PTEN
In Dictyostelium, PI3K1, PI3K2 and PI3K3 are the major PI3Ks implicated in chemotaxis . Studies on pi3k1 -pi3k2 -double-knockout or pi3k1 -pi3k2 -pi3k3 -triple-knockout cells confirm that PI3K plays a pivotal role in regulating cell speed and locomotion and is involved in directional sensing, especially in shallow, linear gradients (as generated in a Dunn chamber), whereas, in steep, exponential gradients (as emitted by a micropipette), other pathways might be sufficient to allow chemotactic movement (Hoeller and Kay, 2007; Loovers et al., 2006; Takeda et al., 2007) . The importance of PI3K also depends on the developmental stage of the cells. Early in development, pi3k1 -pi3k2 -cells show defects in cell speed and directionality, whereas, later in development, they behave almost like wild-type cells. These differences might be due in part to a difference in the relative activity of Akt (PKB; protein kinase B) and the related kinase PKBR1 (PKB related protein 1) (Meili et al., 2000; Takeda et al., 2007) . The kinases are genetically redundant but are preferentially, although not exclusively, expressed during growth and multicellular development, respectively. Cells lacking both kinases exhibit severe defects in growth and motility (Meili et al., 2000) . Like its mammalian counterpart, Dictyostelium Akt is regulated by PI3K, whereas PKBR1 is found constitutively on the plasma membrane and is PI3K-independent.
A multiple-knockout strain lacking all five Dictyostelium class I pi3k genes as well as the phosphatase PTEN is still able to undergo chemotaxis in strong chemoattractant gradients, but shows reduced speed (Hoeller and Kay, 2007) . Therefore, the polarization of membrane PtdIns(3,4,5)P 3 is not essential for directed chemotaxis, but ensures rapid movement in response to chemoattractants. Dictyostelium cells achieve chemotaxis by biasing decisions between randomly generated pseudopodia (Andrew and Insall, 2007; Varnum-Finney et al., 1987) . PI3K probably controls the rate at which pseudopodia are randomly generated, but not the direction of pseudopod formation, whereas PTEN suppresses lateral pseudopod formation, keeping cells on track (Wessels et al., 2007) . In Dictyostelium, PI3K, PTEN and polarized PtdIns(3,4,5)P 3 are thus mainly involved in the control of cell speed and pseudopod formation. This is highly important in basic cell motility and shallow gradients but less so in the presence of a strong chemotactic signal Takeda et al., 2007) .
In mammalian cells, localized PtdIns(3,4,5)P 3 production and PI3K activity control polarization and migration during chemotactic movement (Hirsch et al., 2000; Sadhu et al., 2003; Sasaki et al., 2000; Servant et al., 2000; Wang et al., 2002) . Experiments on B cells reveal that the PI3K regulatory subunit p85␦ plays a major role in regulating chemokine responses and cell motility (Matheu et al., 2007) . In neutrophils, PtdIns(3,4,5)P 3 accumulates at the leading edge in a PI3K␥-dependent manner (Ferguson et al., 2007; Nishio et al., 2007) . Neutrophils lacking PI3K␥ move more slowly than wild-type cells, but do not have defects in directional sensing, similar to the Dictyostelium multiple pi3k knockout. PI3K is also important for stabilizing the leading edge of chemotaxing neutrophils, as in Dictyostelium (Sasaki et al., 2004; Van Keymeulen et al., 2006) . In addition, Ferguson et al. have demonstrated that pi3k␥ -neutrophils exhibit strong defects in adhesion. The decrease in speed observed in these cells might reflect the involvement of PI3K in regulating integrin-based adhesion (Ferguson et al., 2007) . In Dictyostelium, adhesion has been implicated in chemotactic movement controlled by the Arp2-Arp3 (Arp2/3) complex and Rap1 (Jeon et al., 2007; Langridge and Kay, 2007) . Whether PI3K is involved has yet to be determined.
In Dictyostelium, the reciprocal localizations of PI3K and PTEN help to establish a steep gradient of PtdIns(3,4,5)P 3 in chemotaxing cells (Funamoto et al., 2002; Iijima and Devreotes, 2002) . Recent studies shed light on the identities of the PtdIns(3,4,5)P 3 -degrading enzymes that regulate chemotaxis in neutrophils (Nishio et al., 2007; Subramanian et al., 2007) . Subramanian et al. found that mouse pten -neutrophils have enhanced PtdIns(3,4,5)P 3 levels, Akt phosphorylation and actin polymerization, resulting in an increased speed, but they have only small directionality defects during chemotaxis (Subramanian et al., 2007) . The authors conclude that PTEN plays only a minor role in directional sensing, but has considerable effects on the sensitivity of the neutrophil response to chemoattractants (Subramanian et al., 2007) . By contrast, Nishio et al. found that pten -neutrophils do not exhibit enhanced PtdIns(3,4,5)P 3 levels and that most PtdIns(3,4,5)P 3 degradation in neutrophils is accomplished by the phosphatase SHIP1 (Src homology 2 domain-containing inositol-5-phosphatase 1, also known as INPP5D) (Nishio et al., 2007) . Neutrophils lacking SHIP1 migrate more slowly than wild-type cells, have reduced polarity, and exhibit defects in spatially restricted F-actin assembly but not in gradient sensing. Therefore, although PTEN is the dominant phosphatase for PtdIns(3,4,5)P 3 degradation in Dictyostelium, SHIP1 seems to be the main PtdIns(3,4,5)P 3 phosphatase in neutrophil chemotaxis. A recent study on PI3K and PTEN in macrophages uncovered a pathway mediated by the small GTPase RhoA, by which the PI3K catalytic subunit p110␦ keeps PTEN lipid phosphatase activity in check via a mechanism involving RhoA and its effector kinase ROCK (Rho kinase) (Papakonstanti et al., 2007) . Upon stimulation with CSF-1 (colonystimulating factor-1), PI3K activity inhibits RhoA activation, thereby limiting ROCK activation of PTEN, a process that is crucial for cell polarization and chemotaxis. These observations demonstrate a bidirectional relationship between PI3K and PTEN in which PTEN degrades the lipids produced by PI3K and PI3K reciprocally controls PTEN. A related study demonstrated that RhoA/ROCK and CDC42 together control the localization and activity of PTEN in mouse neutrophils in response to the chemoattractant N-formyl-methionyl-leucyl-phenylalanine (fMLP) (Li et al., 2005) .
PtdIns(3,4,5)P 3 signaling controls cell motility Even though PtdIns(3,4,5)P 3 signaling is now believed to be dispensable for chemotaxis in steep gradients, there is no doubt that PtdIns(3,4,5)P 3 strongly influences cell motility via the regulation of the cytoskeleton. Recent findings suggest that PtdIns(3,4,5)P 3 signaling is a general regulator of cytoskeleton dynamics in a variety of cellular processes. Sasaki et al. recently demonstrated that PtdIns(3,4,5)P 3 participates in a positive-feedback loop, similar to the one controlling migration during Dictyostelium chemotaxis . The loop, which comprises the small GTPase Ras, PI3K, PtdIns(3,4,5)P 3 and F-actin, underlies basic cell motility as well as changes in cell shape during cytokinesis ( Fig. 1) Soll et al., 2002) . Randomly moving vegetative Dictyostelium cells that lack expression of their only G-protein ␤ subunit (G␤)-encoding gene, and therefore any G-protein-coupled receptor (GPCR) signaling, exhibit co-localized activation of PI3K and Ras, as well as reciprocal localization of PI3K and PTEN. In consequence, Journal of Cell Science 121 (5) Fig. 1 . PtdIns(3,4,5)P 3 (PIP3) controls cell motility. Basic cell motility is regulated by a Ras-PI3K-PtdIns(3,4,5)P 3 -F-actin circuit. During chemotaxis, this circuit becomes restricted to the leading edge, allowing directed movement. Several downstream effectors of PtdIns(3,4,5)P 3 , such as RacGEFs and Akt, activate F-actin polymerization and myosin assembly (see text for details). Positive-feedback loops (red arrows) allow signal amplification, enhanced actin polymerization at the leading edge and the production of pseudopodia. In addition, Ras effectors, such as TORC2 (target of rapamycin complex 2), regulate the actin cytoskeleton and myosin assembly independently of PI3K and PtdIns(3,4,5)P 3 (Lee et al., 2005) . TORC2 functions, in part, by phosphorylating Akt in the C-terminal hydrophobic domain (Bhaskar and Hay, 2007) . In Dictyostelium, Akt is thus regulated by two Ras-mediated pathways, PI3K and TORC2 (Lee et al., 2005) . PtdIns(3,4,5)P 3 accumulates at sites of F-actin polymerization, causing transient pseudopod extension . It is therefore suggested that this positive-feedback loop might constitute a core regulatory pathway used by cells to modulate the cytoskeleton, whether activated by an extracellular stimulus or not. PI3K also modulates basal-level lymphocyte motility in the lymph node (Matheu et al., 2007) . Whether Ras is involved in this process is unknown. However, the recent findings that Ras is required for maximal PI3K signaling in Drosophila (Orme et al., 2006) , that it directly binds to and activates PI3K␥ in neutrophils (Suire et al., 2006) , and that it is required for PtdIns(3,4,5)P 3 and lamellipodium production in adenocarcinoma cells (Yip et al., 2007 ) support a universal role for Ras in the regulation of PI3K function. Although the activation of the Ras-PI3K circuit is apparently stochastic in vegetative Dictyostelium cells and promotes random motility in the absence of an extracellular stimulus, chemotactic signaling probably induces a biased localized activation of the Ras-PI3K circuit, thereby restricting it to the leading edge of migrating cells and allowing them to move directionally. This hypothesis is supported by analyses of the behavior of Dictyostelium cells, fibroblasts and neutrophils migrating up shallow chemoattractant gradients (Andrew and Insall, 2007; Varnum-Finney et al., 1987) . Under these conditions, pseudopodia are produced fairly randomly and independently of the chemotactic signaling, and directional sensing leads to the maintenance of the best-aligned existing pseudopod rather than the production of a new one (Andrew and Insall, 2007; Varnum-Finney et al., 1987) . Although pharmacological inhibition of PI3K leads to aberrant migration, it does not appear to affect the accuracy of chemotaxis, causing only a reduction in the frequency of pseudopod formation.
The suggestion that PtdIns(3,4,5)P 3 signaling affects the rate, but not the accuracy, of chemotaxis fits with the findings of Wessels et al., who suggest that PTEN is not involved in gradient sensing but rather in the suppression of lateral pseudopodia (Wessels et al., 2007) . Their high-resolution computer-assisted study of the behavior of Dictyostelium cells revealed that pten -cells detect a chemoattractant gradient quite well, but that the efficiency of chemotaxis is poor because they produce multiple lateral pseudopodia that take them off track. Even in the absence of chemoattractants, the developed, aggregation-competent pten -cells exhibit reduced velocity and persistence of movement, because of their failure to repress lateral pseudopodia, compared with wild-type cells, which produce only one large pseudopod at a time (Wessels et al., 2007) . Elevated levels of PtdIns(3,4,5)P 3 that is randomly distributed along the plasma membrane in pten -cells potentially drives the formation of new pseudopodia, many of which are randomly aligned relative to the gradient of chemoattractant -as occurs in Dictyostelium cells and leukocytes expressing a lipidtagged PI3K that is uniformly localized along the plasma membrane (Funamoto et al., 2002; Lee et al., 2005; Lee et al., 1999; Sasaki et al., 2004) . However, Wessels et al. found that pten -cells are defective in myosin II assembly at the cell cortex in response to chemoattractant, providing insight into the possible mechanism underlying the lack of repression of lateral pseudopodia in these cells (Wessels et al., 2007) . Indeed, myosin II normally localizes to the sides and rear of chemotactic neutrophils and Dictyostelium cells, where it prevents the formation of lateral pseudopodia and promotes cell body contraction and posterior retraction (Heid et al., 2005; Heid et al., 2004; Stites et al., 1998; Uchida et al., 2003; Wessels et al., 1988; Xu et al., 2003) . Given its sequence similarity to the actin-binding protein tensin, Wessels et al. further suggest that PTEN could directly interact with and modulate the F-actin-myosin cytoskeleton, implying that PTEN could play a role in cytoskeleton regulation that is independent of its PtdIns(3,4,5)P 3 phosphatase activity.
An increasingly well-characterized aspect of the regulation of the actin cytoskeleton by PtdIns(3,4,5)P 3 in Dictyostelium, neutrophils and fibroblasts is Rac signaling. Different Rac guanine nucleotide exchange factors (GEFs), as well as Rac effectors such as SCAR (WAVE) and WASP proteins, bind to and are regulated by PtdIns(3,4,5)P 3 , leading to localized polymerization of F-actin ( Fig. 1) . Moreover, a recent study shows that ArhGAP15, a PH-domain-containing Rac-GTPase-activating protein (GAP), binds to and is activated by PtdIns(3,4,5)P 3 in migrating macrophages, suggesting that PtdIns(3,4,5)P 3 also regulates the GAP-promoted inactivation of Rac during chemotaxis (Costa et al., 2007) . Studies in both Dictyostelium and neutrophils have uncovered a positive-feedback loop between PI3K and Rac via F-actin (Fig. 1 ) that amplifies the signal and, in part via modulation of IQGAP as well as SCAR and WASP proteins, leads to massive F-actin polymerization at the leading edge of chemotaxing cells and the production of pseudopodia (Charest and Firtel, 2006) . Evidence now points to the presence of a similar positive-feedback loop between Rac and PI3K in integrin-mediated fibroblast migration, which is implicated in the cytoskeletal rearrangements that lead to efficient formation of focal complexes, cell spreading and polarization (Smerling et al., 2007) . A Rac-PI3K feedback loop might thus be part of a general signal-amplifying mechanism used by cells to produce extensive and localized polymerization of F-actin. Such a mechanism could be parallel to or intertwined with the Ras-PI3K feedback loop. Interestingly, the adhesion-related receptor kinase Axl induces neuronal migration via a pathway involving PI3K-mediated Ras-dependent activation of Rac (Nielsen-Preiss et al., 2007) . In this case, however, PI3K is proposed to act upstream of Ras in the stimulation of Rac activity, which the authors suggest occurs via the direct modulation of RacGEFs by Ras. Such a mechanism was previously suggested to occur in the Ras-dependent activation of the RacGEF Tiam1 in fibroblasts, in which Tiam1 interacts directly with GTP-Ras via its Ras-binding domain (Lambert et al., 2002) .
PtdIns(3,4,5)P 3 also provides membrane-binding sites for regulators and effectors of the small GTPase Arf6, which regulates actin remodeling in several types of motile cell (D'Souza-Schorey and Chavrier, 2006; Donaldson, 2003; Jackson et al., 2000) . These effects of Arf6 on the actin cytoskeleton are partially mediated by its activation of phospholipase D (PLD) and phosphatidylinositol-4-phosphate 5-kinase (PIP5K) (Brown et al., 2001; Honda et al., 1999; Santy and Casanova, 2001) , as well as by modulation of Rac signaling (Boshans et al., 2000; D'Souza-Schorey et al., 1997; Koo et al., 2007; Otsuki et al., 2001; Radhakrishna et al., 1999; Santy and Casanova, 2001; Santy et al., 2005) . Cross-talk between Arf6 and Rac might involve the indirect regulation of the RacGEF DOCK180-Elmo (engulfment and cell motility protein) complex in MDCK cells by the ArfGEF ARNO and Arf6 (Santy et al., 2005) . Arf6 also interacts directly with the RacGEF Kalirin, facilitating the activation of Rac in COS cells (Koo et al., 2007) .
The other well-known downstream effector of PI3K signaling is Akt, which directly binds to and is positively regulated by PtdIns(3,4,5)P 3 , in addition to being regulated by the target of rapamycin complex 2 (TORC2) (Cantley, 2002; Manning and Cantley, 2007; Bhaskar and Hay, 2007) . Although Akt is mostly known for its role in cell growth and survival, increasing evidence suggests that it is involved in cell migration (Sasaki and Firtel, 2006) . Earlier studies performed in Dictyostelium suggested that Akt regulates myosin II assembly by activating PAKa (p21-activated kinase-a) (Fig. 1) (Chung and Firtel, 1999; Chung et al., 2001 ). More recently, mammalian Akt2 (PKB␤) was found to phosphorylate myosin 5a in response to insulin stimulation; this phosphorylation enhances the interaction of myosin 5a with the actin cytoskeleton and leads to increased glucose transport (Yoshizaki et al., 2007) . Akt is also proposed to regulate actin dynamics via its direct binding to and phosphorylation of actin (Cenni et al., 2003; Vandermoere et al., 2007) or via phosphorylation of the actin-binding protein Girdin (Akt phosphorylation enhancer; APE). APE localizes to the leading edge and is essential for the integrity of the actin cytoskeleton in migrating fibroblasts (Anai et al., 2005; Enomoto et al., 2005) . Interestingly, Akt has also been suggested to promote microtubule stabilization in these cells (Onishi et al., 2007) .
Chemotaxis pathways that work in parallel with
PtdIns(3,4,5)P 3 signaling The recent experimental observations described in the previous two sections support a model in which the PI3K-PTEN pathway is important for regulating the actin cytoskeleton in Dictyostelium chemotaxis and in mammalian cells, but it is not the only pathway regulating chemotaxis. In support of this, other parallel pathways are now thought to contribute to chemotactic movement and gradient sensing.
Phospholipase A2 and phospholipase C in Dictyostelium
The chemoattractant cAMP stimulates several second-messenger systems in Dictyostelium, including adenylyl cyclase, guanylyl cyclase, the uptake of Ca 2+ and its release from internal stores, phospholipase C (PLC), PI3K and phospholipase A2 (PLA2; encoded by plaA). Two groups have independently demonstrated that PLA2 regulates chemotaxis in parallel with PI3K ( Fig. 2 ) van Haastert et al., 2007) . Further analysis of the two pathways revealed that inhibition of either pathway in shallow gradients inhibits chemotaxis, whereas, in steep gradients, both pathways must be inhibited to prevent proper chemotaxis.
Previous studies in Dictyostelium have suggested that products of PLA2 action, such as arachidonic acid, affect chemoattractantinduced Ca 2+ influx and can trigger Ca 2+ influx directly (Schaloske and Malchow, 1997) . In mammalian cells, arachidonic acid is involved in the release of Ca 2+ from internal stores by regulating calcium channels (Osterhout and Shuttleworth, 2000; Shuttleworth and Thompson, 1999) . Cells lacking PLA2 display a decrease in the levels of 3 H-arachidonic acid, or a closely related derivative, after stimulation . Although disrupting PLA2 has no effect on Ca 2+ uptake , simultaneous inhibition of Ca 2+ uptake and Ca 2+ release does make cells sensitive to PI3K inhibitors . These results suggest that the PLA2-dependent pathway involves a rise in intracellular Ca 2+ that might be regulated by arachidonic acid or derivatives via the release of Ca 2+ from internal stores. Cytosolic Ca 2+ might also have a regulatory effect on PLA2 activation van Haastert et al., 2007) .
Inhibition of both PLA2 and PLC almost completely inhibits the cAMP-mediated PtdIns(3,4,5)P 3 response and causes drastic chemotactic defects , although inhibition of PLC alone does not affect chemotaxis (Drayer et al., 1994) . This result implicates PLC in the regulation of the PI3K-mediated chemotaxis pathway -it probably acts by regulating phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ] levels and PTEN (Fig. 2) . In addition, PLC signaling might cross-talk with the PLA2 pathway at the level of intracellular Ca 2+ regulation. PLC controls intracellular Ca 2+ levels by generating inositol phosphates [inositol (1,4,5)-trisphosphate; Ins(1,4,5)P 3 ] and diacylglycerol (DAG), which activates Ca 2+ -sensitive enzymes such as protein kinase C (PKC) (Drin and Scarlata, 2007) .
The exact role of PLA2 and its derivatives in chemotaxis and the degree to which the pathways have overlapping functions or influence different aspects of chemotaxis remain to be determined. The fact that cells are still able to sense gradients and move with a high directionality in the absence of PI3K or PLA2 confirms that the machinery responsible for directional sensing must act downstream of G-protein activation by chemoattractants but upstream of the PI3K-PTEN and PLA2 pathways. Components of this direction-sensing machinery could include Ras proteins, which help to control chemotaxis in Dictyostelium, in part via the regulation of PI3K and TORC2 (Funamoto et al., 2002; Lee et al., 2005; Lee et al., 1999; Sasaki et al., 2004) . Interestingly, the expression of a dominant-negative RasG in Dictyostelium cells lacking the RasGEF Aimless (AleA) severely impairs directional sensing (Sasaki et al., 2004) .
The regulation of PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 levels by PLC is also involved in the response to chemorepellents in Dictyostelium . cAMP analogs, such as 8-para-chlorphenylthiocAMP (8CPT-cAMP), can induce a repellent response in Dictyostelium by binding to the cAMP receptor cAR1 (Johnson et al., 1992) . This induces In Dictyostelium, chemotaxis is regulated by at least two intertwined and partly redundant pathways involving PI3K and PLA2. Both pathways are regulated by extracellular cAMP. The PI3K pathway is regulated, via PtdIns(4,5)P 2 (PIP2)/PTEN, by PLC. The PLA2 pathway depends on cytosolic Ca 2+ , which is regulated by IP3 (thus partly by PLC), fatty acids and Ca 2+ uptake. In steep gradients, either pathway is dispensable; in shallow gradients, both pathways are necessary to allow efficient chemotaxis (see text for details). Red arrows indicate enzymatic reactions. PL, phospholipids; Lyso-PL, lysophospholipids; G␣␤␥, heterotrimeric G protein; cAR1, cAMP receptor; PIP3, PtdIns(3,4,5)P 3 . a localized inhibition of PLC, which is normally activated by cAMP. Inhibition of PLC is proposed to cause the local accumulation of PtdIns(4,5)P 2 , PTEN binding and PtdIns(3,4,5)P 3 degradation at the front of the cell. This leads to dominant PtdIns(3,4,5)P 3 signaling at the rear of the cell, resulting in a movement away from the repellent source. PLC therefore can act as a polarity switch, controlling the response to signals in the environment.
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PLC and PLD in mammalian chemotaxis
PtdIns(4,5)P 2 has a pivotal role in both the PLC and PLD cellular signaling pathways. It serves as the major substrate for PLC proteins and simultaneously influences the subcellular localization and activity of PLD proteins. Studies on mouse neutrophils lacking PLC-␤2 and PLC-␤3 isoforms have indicated that the PLC pathways play an important role in chemoattractant-mediated production of superoxide, and in the regulation of protein kinases and chemokine-induced Ca 2+ signaling, but not in chemotaxis (Li et al., 2000; McNeill et al., 2007) . Nevertheless, treatment of human neutrophils with PLC inhibitors blocks chemotactic responses to interleukin 8 (IL8) and leukotriene B4 (LTB 4 ) (Hou et al., 2004) . Thus, the function of PLC in neutrophil chemotaxis is not fully understood and might vary according to the chemoattractant. By contrast, PLC-␤ is clearly necessary for T-cell chemotaxis. It acts by transiently raising cytoplasmic Ca 2+ concentrations via inositol (1,4,5)-trisphosphate [Ins(1,4,5)P 3 , IP3] but does not influence PKC activity (Bach et al., 2007; Smit et al., 2003) . The identities of the Ca 2+ -dependent downstream components (such as calmodulin kinases, myosin light-chain kinase or Rho kinase) that mediate the chemotactic response in Tcells remain elusive.
The PH domain of PLC is thought to target it to particular lipids and membrane surfaces (Rebecchi and Scarlata, 1998) . There is evidence that, in differentiating promyelocytes, PLC-␤2 interacts with actin via the PH domain of PLC-␤2 (Brugnoli et al., 2007) . This promotes the association with cytoskeleton-associated PtdIns(4,5)P 2 in the plasma membrane, resulting in hydrolysis of PtdIns(4,5)P 2 and consequent cytoskeletal rearrangements and motility.
PLD hydrolyzes the phosphodiester bond in phosphatidylcholine (PC), resulting in the production of choline and the second messenger phosphatidic acid (PA) (Oude Weernink et al., 2007) . The function of PLD during neutrophil chemotaxis has not been fully determined. Azuma et al. (Azuma et al., 2007) propose that PLD is required for activation of p38MAPK upon stimulation with fMLP under conditions that stimulate superoxide production, but not chemotaxis. By contrast, Powner et al. have recently demonstrated that PLD regulates integrins that support stable adhesion during neutrophil migration. In that study, PA produced by PLD activity stimulated the generation of PtdIns(4,5)P 2 by stimulating phosphatidylinositol 4-phosphate 5-kinase activity in response to fMLP. PtdIns(4,5)P 2 promoted the binding of talin to the surface-expressed ␤ 2 -integrin CD18 and hence caused activation of the integrins CD11b/CD18, required for stable adhesion and migration. The study also pointed to the involvement of PLD in the distribution and function of actin stress fibers. In Dictyostelium, inhibition of PLD causes a dramatic decrease in PtdIns(4,5)P 2 synthesis, resulting in severe defects in actin-based motility (Zouwail et al., 2005) . In mast cells, human PLD binds to actin, which is important for the regulation of PLD1b activity (Farquhar et al., 2007) . Evidence thus supports a link between phosphatidylcholine hydrolysis and remodeling of the actin cytoskeleton in a variety of processes and cell types.
In neutrophils, PI3K␥ becomes localized to the plasma membrane in response to stimulation by fMLP, increasing the formation of PtdIns(3,4,5)P 3 and thereby the recruitment of other factors that activate PLD (e.g. Rho and Arf-GTPases, as well as PKC isoforms) (Chen and Exton, 2004; Henage et al., 2006) . The activity of PLD can be inhibited by prostaglandin E 2 (PGE 2 ), which stimulates protein kinase A (PKA). This in turn inhibits the translocation of the PLD-activating factors, possibly by inhibiting PI3K (Burelout et al., 2007; Burelout et al., 2004) . However, it is unclear how PI3K might be inhibited, because the PI3K regulatory and catalytic subunits are not targets for PKA phosphorylation in vitro and are unlikely targets in vivo. PI3K activity is regulated by the binding of the subunits p101/p110␥ to the G␤␥ subunits released upon receptor activation (Brock et al., 2003; Stephens et al., 1997) , but G␤␥-subunit protein sequences do not contain consensus sites for PKA phosphorylation, and phosphorylation by PKA has not been demonstrated. The fMLP receptor is also not phosphorylated by PKA (Burelout et al., 2007) . Therefore, the mechanism that underlies the inhibitory effect of PKA on PI3K requires further analysis.
PLC and cofilin in adenocarcinoma cells
In adenocarcinoma cells, epidermal growth factor (EGF) stimulation induces two peaks of actin polymerization, which is similar to the biphasic F-actin-polymerization response to cAMP that is seen in Dictyostelium (Chan et al., 2000; Chan et al., 1998; Chen et al., 2003) . The second peak is dependent on PI3K activity, both in carcinoma cells and in Dictyostelium (Chen et al., 2003; Hill et al., 2000) . In carcinoma cells, the first peak was recently demonstrated to depend on PLC-␥ and cofilin . These results, and those from other studies, strongly argue that PLC, together with cofilin, mediates gradient sensing in these cells Mouneimne et al., 2006) . By contrast, in Dictyostelium PLC regulates PIP2 levels and therefore cell motility, but not directional sensing. In Dictyostelium, cofilin is involved in actin remodeling and localizes to the leading edge during chemotaxis (Aizawa et al., 1995; Aizawa et al., 1997) but there is no evidence that it regulates gradient sensing and, in contrast to mammalian cofilin, Dictyostelium cofilin lacks the regulatory Ser at position 3. Interestingly, in cells lacking both PLA2 and PI3K activities (plaA
-cells), the first peak of actin polymerization is significantly decreased, although both plaA -cells and pi3k1 -/2 -cells have nearly normal first peaks of actin polymerization, indicating that both pathways might be involved in the initial actin polymerization .
In carcinoma cells, cofilin is activated via PLC-␥, which acts by locally decreasing PtdIns(4,5)P 2 . Cofilin is essential for the localized formation of barbed ends, which act as sites for new local actin polymerization; cofilin thus determines the direction of cell protrusion and movement (Condeelis, 2001; DesMarais et al., 2005; Ghosh et al., 2004) (Fig. 3) . Cofilin activity seems to be mainly dependent on PLC-␥-mediated PtdIns(4,5)P 2 hydrolysis and does not involve an IP3-mediated Ca 2+ release (Ma et al., 2000; Mouneimne et al., 2006; Yonezawa et al., 1991) . In addition to activation by PLC-␥, mammalian cofilin is also phosphorylated at Ser3 by LIM kinase (LIMK), which inhibits the ability of cofilin to bind actin , and is dephosphorylated by the phosphatase Slingshot (SSH) (Nishita et al., 2005; Niwa et al., 2002; Ohta et al., 2003) . Phosphorylation of cofilin increases upon EGF stimulation Song et al., 2006) and is required for chemotactic sensing, although the exact function is not fully understood . In Jurkat T-cells, cofilin is thought to be inactivated by phosphorylation by LIMK after stimulation with stromal cell-derived factor-1␣ (SDF-1␣). This results in the formation of F-actinrich lamellipodial protrusions (Nishita et al., 2005) . Via the association with F-actin, the phosphatase Slingshot-1L becomes locally activated in the protrusions and dephosphorylates, and thereby re-activates, cofilin in the lamellipodium. This allows actin-filament turnover and ensures the dynamic nature of the lamellipodium (Nishita et al., 2005) .
Recent studies of carcinoma cells indicate that the initial activation of cofilin does not involve dephosphorylation in response to chemoattractant stimulation Song et al., 2006) . Cofilin is instead thought to be locally released and activated by hydrolysis of PtdIns(4,5)P 2 by PLC-␥ and, simultaneously, be globally inactivated via phosphorylation by LIMK (Hitchcock-DeGregori, 2006; Mouneimne et al., 2006) . This leads to an asymmetric distribution of cofilin activity, setting the direction of lamellipodium formation and subsequent migration. This model is consistent with earlier findings that cofilin is recruited to the leading edge immediately before lamellipod extension and is followed by the Arp2/3 complex and the extension of the lamellipod . However, it is not fully understood whether or not cofilin is completely deactivated by LIMK and whether the phosphatase SSH or 14-3-3 proteins might be involved in this process (Soosairajah et al., 2005) .
Whereas the inhibition of PLC-␥/cofilin leads to defects in gradient sensing, inhibition of PI3K or PTEN decreases motility and speed in carcinoma cells, as it does in Dictyostelium Mouneimne et al., 2004) . Full lamellipod extension requires PI3K activity, because the second peak of actin polymerization is dependent on PI3K (Hill et al., 2000) . PI3K has been postulated to signal to WAVE and the Arp2/3 complex, which is necessary for lamellipod protrusion (Bailly et al., 2001; Higgs and Pollard, 2001; Takenawa and Miki, 2001 ). The PLC-␥/cofilin and PI3K/Arp2/3 signaling pathways thus cooperate in chemotactic gradient sensing and efficient lamellipod generation in response to EGF stimulation. By hydrolyzing PtdIns(4,5)P 2 , PLC-␥ activates cofilin, which promotes F-actin severing. This creates free barbed ends, defining the site for Arp2/3 activation. The Arp2/3 complex nucleates new filaments, which become elongated by Ena/VASP proteins, creating a branched actin network that allows stable lamellipod protrusion and migration.
Conclusions
The recent advances outlined here emphasize the crucial role of phospholipid signaling and lipid metabolism in the control of chemotaxis and cell motility. This involves more than the PI3K/PtdIns(3,4,5)P 3 -dependent pathway, although PI3K signaling clearly plays a central role in the regulation of cytoskeleton dynamics. The findings that distinct pathways act in parallel to control chemotaxis in different cells, and that the nature of some of these pathways varies with the type of cell and signal, highlight previously unappreciated levels of complexity in this important cellular behavior. The challenge of deciphering the distinct events that take part in directional sensing versus cell motility consequently appears greater than previously appreciated, because the multiple parallel pathways are probably interlinked and could seem redundant while serving slightly different and complementary purposes. Hence, future research should aim at understanding the relationship between the different signaling pathways that underlie chemotaxis and cell motility, focusing particularly on the phospholipid-dependent pathways but without excluding the possibility that phospholipid-independent pathways play crucial roles as well. V.K. was supported by a postdoctoral fellowship from the Deutsche Forschungsgemeinschaft. P.G.C. was supported by a postdoctoral fellowship from the Fonds de la Recherche en Santé du Québec. This work was supported, in part, by USPHS grants to R.A.F. In response to EGF stimulation, PLC becomes activated. By hydrolyzing PtdIns(4,5)P 2 (PIP2), it activates cofilin. By severing actin filaments, cofilin increases the number of free barbed ends, producing the platform for the Arp2/3 complex and Ena/VASP proteins. This allows initial protrusion and determines the direction of movement. Activation of PI3K via EGF and its signaling to Arp2/3 promotes the formation of a stable lamellipod and efficient migration (see text for details). The phosphatase SSH and 14-3-3 proteins might be involved in regulating the phosphorylation state of cofilin. Red arrows indicate enzymatic reactions. EGFR, epidermal growth factor receptor; PIP3, PtdIns(3,4,5)P 3 ; SSH, Slingshot.
